Meiosis is a key event of sexual life cycles in eukaryotes. Its mechanistic details have been 20 uncovered in several model organisms, and most of its essential features have received 21 various and often contradictory evolutionary interpretations. In this perspective, we 22 present an overview of these often "weird" features. We discuss the origin of meiosis 23 (origin of ploidy reduction and recombination, two-step meiosis), its secondary 24 modifications (in polyploids or asexuals, inverted meiosis), its importance in punctuating 25 life cycles (meiotic arrests, epigenetic resetting, meiotic asymmetry, meiotic fairness) and 26 features associated with recombination (disjunction constraints, heterochiasmy, 27 crossover interference and hotspots). We present the various evolutionary scenarios and 28 selective pressures that have been proposed to account for these features, and we 29 highlight that their evolutionary significance often remains largely mysterious. Resolving 30 these mysteries will likely provide decisive steps towards understanding why sex and 31 recombination are found in the majority of eukaryotes. 32 33 42 significance of meiotic mechanisms, rather mentioning them in passing and often in a 43 simplified manner. In evolutionary biology studies, meiosis is often simplified and 44 represented by random assortment of chromosomes and recombination maps expressing 45 the probability of recombination events between ordered loci, with little attention to the 46 molecular and cellular details. While these simplifications are legitimate and useful in 47 many cases, the wealth of mechanistic findings being uncovered points to a considerable 48 number of evolutionary puzzles surrounding meiosis that have yet to be resolved. Indeed, 49 in the following perspective, we will show that close scrutiny of almost every aspect of 50 meiosis will reveal "weird" features that constitute evolutionary mysteries. 51 52 1. The origins of meiosis 53 The origin of meiosis through gradual steps is among the most intriguing evolutionary 54 enigmas [1,2]. Meiosis is one of the 'major innovations' of eukaryotes that evolved before 55 their subsequent radiation over one billion years ago [3-5]. Extant eukaryotes share a set 56 of genes specifically associated with meiosis, implying that it evolved only once before 57 their last common ancestor [6,7]. Identifying the selective scenario that led to its early 58 evolution is difficult, but clues can be obtained by determining (i) which mitotic cellular 59 processes were re-used in meiosis (e.g. DNA repair through homologous recombination 60 and possibly reduction), (ii) which selective steps were involved in the assembly of the 61 full cellular process, and (iii) why different forms of meiosis were perhaps less successful. 62 63 1.1 The origin of ploidy reduction 64 A form of reductional cell division (a.k.a. 'proto-meiosis') probably evolved in early 65 asexual unicellular eukaryotes. Two scenarios for this have been proposed. The first is 66 that diploidy accidentally occurred by replication of the nuclear genome without 67 subsequent cell division ("endoreplication") [8-12], and that returning to haploidy was 68 selected for to correct this. Because either haploidy or higher ploidy levels may be 69 favoured in different ecological situations [13,14], a variant of this scenario is that a proto-70 meiosis-endoreplication cycle evolved to switch between ploidy levels [5]. The resulting 71 3 life cycle may have resembled modern 'parasexual' fungi in which diploid cells lose 72 chromosomes in subsequent mitotic divisions, leading to haploidy via aneuploid 73 intermediates [15]. Many other modern eukaryotes also increase and decrease their 74 ploidy somatically, depending on growth stage or specific environmental stimuli [16]. The 75 second scenario is that proto-meiosis evolved in response to the fusion of two haploid 76 cells ("syngamy"), as in standard modern eukaryotic sexual life cycles. Syngamy may have 77 been favoured because it allows recessive deleterious mutations to be masked in diploids 78 [1,12]. A difficulty with this idea is that such masking may not be sufficient to favour 79 diploidy in asexuals [17]. In a variant of this scenario, early syngamy evolved as a result 80 of 'manipulation' by selfish elements (plasmids, transposons) to promote their horizontal 81 transmission [18]. In support of this view, mating-type switching (which can allow 82 syngamy in haploid colonies) has evolved multiple times in yeasts and involves 83 domesticated mobile genetic elements [19]. 84 85 1.2 The origin of homologue pairing and meiotic recombination 86 Meiosis requires the correct segregation of homologues, which is achieved by homologue 87 pairing at the beginning of prophase I (Fig. 1). This homology search is mediated by the 88 active formation of numerous DNA double-strand breaks (DSBs) followed by chiasmata 89 formation, but less well-known mechanisms of recombination-independent pairing also 90 exist [20]. Non-homologous centromere coupling is also often observed at this stage, but 91 the functional and evolutionary significance of this coupling is elusive [21]. In many 92 species, chromosome pairing is further strengthened by 'synapsis', which is the formation 93 of a protein structure known as the synaptonemal complex [22] and the pairing of 94 homologous centromeres [21]. Chiasmata are then resolved as either crossovers 95 (hereafter 'COs') resulting in the exchange of large chromatid segments, or non-96 crossovers ('NCOs'), where both situations cause gene-conversion events [23]. The 97 synaptonemal complex then disappears, and homologues remain tethered at CO positions 98 and centromeres. The precise function of the synaptonemal complex is not entirely 99 understood [20]; one possibility is that it may serve to stabilise homologues during CO 100 maturation. Some pairing mechanism must be advantageous to ensure proper 101 segregation of homologues, but the origins and selective advantage of extensive pairing, 102 synapsis, gene conversion and recombination remain poorly understood [24].
Introduction 34
In eukaryotic sexual life cycles, haploid cells fuse to give rise to diploids, before diploid 35 cells are converted back to haploids in a process known as meiosis. Meiosis reduces a cell's chromosome number by half, whilst also creating new allele combinations 37 distributed across daughter cells through segregation and recombination. This genetic 38 reshuffling reduces genetic associations within and between loci and is thought to be the 39 basis of the success of sexual reproduction. Mechanistic studies of meiosis have been 40 carried out in different fields, such as cell biology, genetics and epigenetics, encompassing 41 a wide range of eukaryotes. However, these studies rarely focus on the evolutionary Contrary to one-step meiosis, most automictic modifications of two-step meiosis involve 142 a loss of heterozygosity with each generation (see section 2.3), which would cause 143 expression of recessive and partially recessive deleterious mutational effects, and reduce 144 the fitness of newly emerging asexual mutants [36] . Finally, a third hypothesis posits that 145 a one-step-meiosis is more complex and thus less likely to evolve than a two-step-meiosis 146 [9] . Mitotic and meiotic cell cycles start similarly with DNA replication in response to 147 increasing cyclin-dependent kinase (CDK) activity. Two-step meiosis can be achieved 148 simply by modulating CDK activity at the end of a cell cycle to add a second division event 149 [40] . In contrast, a one-step meiosis would require extensive modification of the mitotic 150 cycle. Despite earlier suggestions of its presence in some basal eukaryotes (protists) 151 [8, 41] , there are presently no firm indications that one-step meioses exist in nature 152 [38, 42] , although inverted meiosis (see below) is genetically similar to mitosis followed 153 by single-step meiosis. 154 155
Secondary modifications of meiosis 156
Meiosis is remarkably conserved across eukaryotes. Nevertheless, in many species, It is conceivable that a reverse order of divisions would make meiosis more vulnerable to 213 exploitation by meiotic drive or sister killer SGEs, but to the best of our knowledge, there is 214 currently neither theoretical nor empirical support for this idea. Another possibility is that in arrested female meiosis [66] . Alternatively, the order of meiotic divisions could merely be a 217 'frozen accident', i.e., a solution that has been arrived at a long time ago by chance, and that 218 reversal is difficult (at least with monocentric chromosomes). However, a recent paper 219 investigating human female meioses in unprecedented detail casts doubt on this view [67] . The 220 careful genotyping of eggs (or embryos) and polar bodies at many markers indicated that 221 surprisingly often, chromosomes followed an 'inverted meiosis' pattern of segregation, even 222 though this led to aneuploidies in ~23% of cases. The question of why one order of meiotic 223 divisions is almost universal therefore remains unresolved.
225

Meiosis modifications and loss of sex 226
Many organisms have abandoned canonical sexual reproduction, reproducing asexually 227 by suppressing or modifying meiosis and producing diploid eggs that can develop without 228 fertilisation. This raises two connected mysteries: why are some types of modifications 229 much more frequent than others, and how can mitotic (or mitosis-like) asexual 230 reproduction ("apomixis" or "clonal parthenogenesis" in animals, "mitotic apomixis" in 231 plants) evolve from meiosis? Examples of meiosis-derived modes of asexual reproduction 232 include chromosome doubling prior to meiosis ("endomitosis" or "pre-meiotic 233 doubling"), fusion of two of the four products of a single meiosis ("automixis" in animals, 234 "within-tetrad mating" in fungi), and suppression of one of the two meiotic divisions 235 (included under "automixis" or "meiotic apomixis", depending on the author; see [68] [69] [70] [71] [72] [73] [74] 236 for detailed descriptions of these processes). [132, 133] . Indeed, COs establish physical connections between homologues, promoting 453 accurate disjunction by providing the tension needed for the bipolar spindle to establish 454 [134] [135] [136] . Therefore, this constraint has likely led to the evolution of regulation of CO is that interference is a mechanism to avoid COs occurring in close proximity, which might reduce cohesion between homologues [159] or slip and cancel each other out when they 496 involve 2 or 4 non-interlocking chromatids, resulting in no CO occurring [160] ; however, 497 these mechanisms do not explain long-distance interference. A further suggestion is that 498 CO interference may be adaptive by breaking up genetic associations. First, adjacent COs 499 may be avoided because they cancel their effects on genetic associations [161] . Second, it 500 has been speculated that CO interference may reduce the chances of breaking up co-501 adapted gene complexes (supergenes) [162] . Some support for the idea that CO 502 interference is not a purely mechanistic constraint comes from the fact that some species 503 lack interference [155] and, more importantly, that there is some evidence suggesting 504 that interference levels evolve in long-term evolution experiments in Drosophila [163]. 505 506
Differences in recombination rates between the sexes 507
In many species, CO rates and localisation differ between male and female meioses, and 508 these differences can vary in degree and direction even between closely related species 509 [164] [165] [166] . The most extreme case is achiasmy, an absence of recombination in one sex, 510 nearly always the heterogametic sex [164]. This may have evolved either as a side effect 511 of selection to suppress recombination between the sex chromosomes [167, 168] , or as a 512 way to promote tight linkage without suppressing recombination on the X or Z 513 chromosomes [165] . More intriguing are the quantitative differences between males and 514 females, known as heterochiasmy, which are found in many taxa, but whose mechanistic 515 and evolutionary drivers are not yet fully understood. A number of explanations have 516 been proposed, relating to mechanistic factors such as differences in chromatin structure 517 [169] [170] [171] The localisation of recombination events differs between species. In many species, 536 recombination occurs in localised regions known as "recombination hotspots" of around 537 1-2kb in length [178] [179] [180] [181] , although some species (e.g., C. elegans and Drosophila) lack 538 well-defined hotspots [182, 183] . There are at least two types of hotspots (Fig. 3) 
